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SUMMARY

The purpose of this investigation was to determine the influence
of biaxial tensile stresses on the fatigue strength of a 14-S-T4aluminum
alloy when subjected to various ratios of biaxial stresses. The effect
upon the fatigue strength of varying the ratio of the biaxial stresses
was studied. The biaxial fatigue stresses were produced by applying
simultaneously a pulsating internal pressure and a fluctuating axial
tensile load to a thin-walled tubular specimen. The maximum and minimum
values of the longitudinal and circumferential stresses were kept in
phase by adjusting the testing machine. The dynamic loads were applied
to the specimen by a specially designed testing machine.

The fatigue strengths and S-N diagrams were obtained up to about

107’cycles for four principal stress ratios. The test results show that
the fatigue stren@h is greatly affected by the anisotropy of the material.
For this reason, it was found that the fatigue strength of the material
in the circumferential direction was about two-thirds of the fatigue
strength in the longitudinal direction. The test results for the 14S-T4
extruded tubing did not agree with any particular theory of failure.
Howeverj if the anisotropy of the material is considered the results
are sufficiently close to the stress theory to permit its use in design.

INTRODUCTION

Most fatigue tests are conducted with specimens subjected to simple
stresses, such as fluctuating axial or fluctuating bending stresses.
There are many machine and structural parts, however, in which the
stresses are biaxial or triaxial and act in more than one direction.
A survey of the available test data (references 1 to 5) shows that there
is very little information on the fatigue strength of metals subjected
to combined stresses. The purpose of this investigation was to obtain
the fatigue strength of a 14-S-T4aluminum alloy when subjected to tensile
biaxial fatigue stresses. Various ratios of fluctuating biaxial tensile
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stresses were produced by subjecting a tubular specimen to fluctuating
axial tension and fluctuating internal pressure.

This investigationwas conducted at the School of Engineering of
The Pennsylvania State College under the sponsorship and with the finan-
cial assistance of the National Advisory Conmittee for Aeronautics.
The tests were conducted in the Fatigue Laboratory of the Department of
Engineering Mechanics. Mr. W. P. Hughes, research assistant, conducted
most of the tests and computed the test data. Messrs. L. W. Hu and
J. D. Cuzzolina assisted in the test program. The administrative direc-
tion given by the NACA and the School of Engineering and the technical
assistance given by the foregoing individuals are greatly appreciated.
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SYMBOLS

cross-sectional mea of tubular specimen, square inches

internal diameter of specimen, inches

number of cycles to failure

internal pressure, psi

axial tensile load, pounds

maximum, mean, and minimum fluctuating pressures,
respectively, psi

maximum, mean, and minimum fluctuating axial tension
loads, respectively, pounds

principal stress ratio

wall thickness of specimen

longitudinal and transverse biaxial principal
stresses, psi

maximum, mean, and minimum values of principal
stress al, respectively, psi

maximum, mean, and minimum values of principal
stress u2, respectively, psi

*

fatigue strength for uniaxial longitudinal tension, Psi

.
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DESCRIPTION OF MATERIAL

The material tested in this investigationwas
aluminum alloy designated as 14-S-T4. The material

a fully heat-treated
was hot-rolled and

was received in tubular form, in lengths of 7 inches, with an outside

diameter of 1: inches and a wall thickness of 1/4 inch. The nominal

chemical composition, in addition to aluminum and normal impurities,
consists of 4.4 percent copper, 0.8 percent each of silicon ad manganese,
and 0.4 percent magnesium. The mechanical properties of the material in
tension for different orientations, as supplied by the Aluminum Company
of America, are given in table 1.

TEST PROCEDURE

Test specimen.- The test specime~ were macmned from extruded
tubing. They had an over-all length of 7 inches, with an intermediate
length of about 4 inches of reduced wall thickness of 0.05 inch. The
remaining dimensions of the specimen are given in figure 1. In finishing
the specimen surfaces, both the inner and outer surfaces were polished
with a 9/0 metallurgical abrasive paper.

The wall thickness of the specimens was measured to 0.0001 inch
using the apparatus described in reference 6. The ratio of the wall
thickness to the inside diameter was 0.050 so that the circumferential
stresses throughout the wall were essentially uniform and the values
of these stresses could be approximately determined assuming a thin
wall and uniform stress.

Considering the specimens to be thin-walled
axial tensile load P and an internal pressure
and circumferential stresses are, respectively,

—

tubes subjected to an
p, the longitudinal

P +~
=—
rcdt 4t

(1)

and

pd

‘a=z
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where

A cross-sectional area of tube

d internal diameter of specimen

t wall thickness of spectien

The tubular specimens were subjected to synchronous variable loads P
and p with maximum values P’ and p’, minimum values P’” and

P tl!, and mean values P“ and p“. Using equations (1) and (2) the
maximum, minimum, and mean values of the principal 6tresses U1 and

cr2 sre

pr
+ pfi

‘1’ ‘—fidt 4t

CTl ,tl. p’” _+P’”d

fidt 4t

p,, + p“d~l!i ._ —
fidt 4t

p’d
C2’ = —

2t

Pllldll!_

a2 2t

p“d
‘2” ‘~

(3)

(4)

For fluctuating stresses as defined by equations (3) and (4), the
fatigue strengths of the material will depend upon the ratio of the
minimum to the maximum stresses as well as the ratio of the principal
stresses. It is apparent that.a large number of tests would be required
to consider all possible stress combinations. For this reason, it was
necessary to restrict the test program to a consideration of the influence
on t}= fatigue strength of the principal stress ratio U2‘/01‘ for a

given ratio of the minimum to the maximum stresses. The ratio of the
minimum to the maximum stress was maintained to a value less than 0.10
for all tests.

.

,,
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Testing machine.- A special testing machine, as described in
reference 4, was used for these tests. Figure 2 is a photograph of this
machine. The tubular specimens S are subjected to a fluctuating axial
load by the lever K. This lever is subjected to a fluctuating load by
means of an eccentric El. The eccentric El is attached to a gear

which is driven by a pinion. The pinion is operated by a 3-horsepowerj
3600-rpm, alternating-currentmotor T. By means of a gesr reduction of
1 to 10, stress fluctuations of about 300 cycles per minute are produced
on the specimen. It was necessary to have such a low rate of stress
fluctuation in order to eliminate errors due to interference of pressure
waves introduced by the successive application of internal pressure.

A Bosch pump applies the fluctuating internal oil pressure. The
pump is activated by a plunger and connecting-rod system attached to
a driving eccentric E2. A change in the throw of the eccentric changes

the internal pressure produced in the specimen. An accumulator A is
used to provide against drop in pressure caused by possible oil leakage.
The number of stress fluctuations to fracture is recorded by a revolution
counter U. The motor is stopped by a microswitch D when the loads
are such as to produce a circumferential crack. The microswitch operates
or stops the motor when the rotation of the yoke Y occurs as a circum-
ferential crack is produced. For tests in which failure results by
longitudinal cracks or internal pressure, the motor is also stopped by
the microswitch D. This is accomplished when the fracture of the spec-
imen releases oil into a delicately balanced container M. The released
oil unbalances the container and trips the microswitch.

The axial load is measured by a 10,000-pound dynamometer N which
is connected between the eccentric El and the lever K. The lever

with a 4-to-1 lever-srm ratio applies the load to the specimens S
mounted between spherical seats. The Bourdon gages H and L measure,
respectively, the maximum and minimum internal pressures. Specially
designed check valves at G prevent fluctuations of the pressure-gage
pointers. Calibrations of the dynamometer and pressure gages were made
periodically to insure accuracy of load measurement. Concentric@ of
axial loading was also checked by measuring the longitudinal strain on
the specimen at four points equally spaced around the circumference.
After adjustment, the maximum difference in stress around the circum-
ference was found to be about 1 percent.

A Hathaway Type S-14A oscillograph (fig. 3) was used to measure
the dynsmic strain on the specimen using SR-4 gages. The stress cal-
culated from these strains for each specimen tested was found to agree
within 1 percent with the values calculated from the applied loads and
specimen dimensions.



6 NACA TN 27o4

Method of testing.- The method of testing will be outlined for
specimens subjected to both axial loading and internal pressure since
for the tests with only one loading the procedure is simplifiedby the
omission of certain adjustments.

The test procedure consists in first measuring the external diameter
and wall thickness of the specimen at various locations on the specimen.
Circumferential and longitudinal SR-4 dynamic strain gages are then
cemented to the specimens. Two specimens are then screwed into the
holders and the oil-pressure line is fastened to the connection in the
center holder. The axial load corresponding to a selected value can be
applied by adjusting the eccentric El to a given position and fixing

that position with self-locking setscrews. Placing the eccentric El

in its lowest position, a threaded turnbuckle above the dynamometer N
is adjusted until the dynamometer reads the desired minimum load. The
drive shaft can be rotatedby hand to determine the maxtium axial dyna-
mometer load reading. If the load reading is not that desired, the
above procedure is repeated until the desired reading is obtained.

For the internal pressure, the eccentric E2 is adjusted. This is

done by first using a tentative setting of the outer eccentric relative
to the inner. Then by the hand pump B, the internal-pressure system
is filled with oil - the air being expelled from the air outlet in the
upper specimen holder. The air outlet is closed when the system is
filled with oil. The operation of the hand pump is then continued until
the desired minimum internal pressure is reached with the piston of the
Bosch pump at the bottom of its stroke. The drive shaft is then rotated
by hand to obtain approximate readings of the maximum and minimum pres-
sures. The foregoing static pressures will be slightly lower than the
operating pressures. During the stsrting period the valve F to the
pressure gages is closed to avoid shock loading. However, the valve F
is left open during a test. Damage to the gage parts by fatigue is
prevented by a specially designed valve block G, which permits static
readings of the maximum pressure on gage H and the minimum pressure
on gage L.

Synchronism of the axial load and internal pressure so that they
will.be in phase is made possible by the rotation of the inner part of
eccentric E2 relative to the inner part of eccentric El. This inphase

adjustment is made so that the minimum dynamometer reading is obtained
when the pump piston is at the bottom of its stroke. This static adjust-
ment was found to give synchronous loading conditions during the dynamic
test loading. Photographic records with the Hathaway oscillograph were
obtained to verify that the maximum and minimum values of the lateral
and longitudinal strains occurred simultaneously.

.

—.- . —— .. ___.—
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The application of the internal pressure produced an elongation
of the specimen which therefore requires that the axial load be adjusted.
Further load adjustments and addition of oil by the hand pump may also
be necesssry during a test. Upon the fracture of a specimen the micro-
switch shuts off the motor and the number of cycles to failure is
recorded by the counter U. The fractured specimen is then replaced
by a dunmy specimen and the test is continued until the second specimen
fails. The foregoing test procedure is repeated for pairs of specimens
at different stress levels and for various

TEST RESULTS

principal stress ratios.

Fatigue strengths were obtained in this investigation for four .
principal stress ratios and for ratios of the minimum to the maximum
stress equal to approximately O. The strength values were determined

for stress applications up to about 5 x 106 cycles. Figure 4 gives the
S-N curves for the four principal stress ratios R = u2’/al’ =0, 1, 2,
and O.~. The data used in plotting figure 4 are shown in tables 2 to 5.
Because of the slow syeed of testing (about 300 cpm), it was necessary
to limit the duration of the tests. The available time did not permit
the determination of a statistically accurate S-N diagram. It did pro-
vide, however, the information to show the influence of tensile biaxial
stresses upon the fatigue strength.

ANAIYSIS AND DISCUSSION

The effect of the principal stress ratio of the fatigue strength
is shown in figure 5, which is a single plot of the S-N curves of
figure 4. From figure 5 it is seen that the fatigue strengths for the
various principal stress ratios are slightly lower than for longitudinal
tension. The reduced strength under biaxial tension may be explained
by the fact that the material has directional properties. It was found
in another investigation (reference 7) that the tensile ultimate strength
in the circumferentialdirection was 88 percent of that in the longi-
tudinal direction. The influence of the direction properties of the
material tested is also shown in figure 6, which compsres the biaxial
fatigue strengths with the longitudinal uniaxial fatigue strengths. A
comparison was made between the test results and existing theories of
failure but available theories were found inadequate. This difficulty
may be due mainly to the fact that the material had directional properties
Figure 4 shows that the uniaxial fatigue strength in the lateral direction
may be about 65 percent of the uniaxial fatigue strength in the longi-
tudinal direction. If this anisotropy of the material is considered,

— . . . ..— —.—z ...—. _ _ _. —. —
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figure 5 shows that the stress theory may be considered to agree approx-
imately with the test results.

Photographs of typical fractured specimens are shown in figure 7.
For stress ratios of O and 0.5, the fracture was circumferential. The
plane of fracture was about 45° to the surface of the tube. For stress
ratios of 1 and 2, failure consisted of almost imperceptible longitudinal
cracks varying from about 1/4 to 1 inch in length.

From an investigation
- alloy subjected to biaxial

CONCLUSIONS

of the fatigue strengths of a 14S-T4 aluminum
tensile stresses it was found that:

1. The fatigue strength was greatly affected by the anisotropy of
the material. The fatigue strength in the circumferential direction
for the extruded tubes was found to be about two-thirds of the fatigue
strength in the longitudinal direction. This directional effect was
also found to be greater for fatigue strengths than for static strengths.

2. Although no particular theory was found to agree with the test
results, when anisotropy is considered the influence of the principal
stress ratios may be approximatelypredicted by the stress theory.

The Pennsylvania State College
State College, Pa., July 27, 1951
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TABLE 1

MECHANICAL PROPERTIES IN TENSION FOR lk HOT-ROLLED BARS

[ 3

1~-in. dlam. , bored with 3/k-in. hole and heat -treate
8

Elongation in

Tensile strength Yield strength h aim
(psi) (pBi) (percent)

Specimen a (a} (a)

(b)
L D T1 T2 L D T1 T2 L D T1 T2

4@Kn-T6-6-l 69,0ao 71,0co 66,3co 67,7a3 61,200 62,7m &),&)o 61,400 12 8 6.3 8.8
k5.3ml-T6-6-269,5c0 71,000 67,Loo I%,2CQ 61,200 63,2cQ 62,lmo 150,3~ 1’2 10 6.3 6.8
M0501-T6-6-3 68,D 75,000 68,mo .S3,80360,700 67,703 62,930 63,800 1’2 10 6.0 C2.8

Average 69,130 72,330 67,230 67,570 61,030 64,530 62,330 61,830 12 9.3 6.3 6.1
4&)501-T4-4-l 60,100 63,700 60,600 61,&m) 32,10Q 36,8co 40,200 40,800 26 m 18.8 15.6
46cv01-T4-4-2 58,930 63,~ 62,700 63,500 31,700 35,803 39,300 38,800 28 22 20.4 18.9
l&501 -T4-4-3 59,600 61,300 61,100 60,403 31,31Xl33,6oo 37,7m 37,6ixl26 21 18.6 18.7

Average 59,530 62,970 61,470 61,900 31,7@l 35,400 39,070 39,070 26.7 22 19.3 17.7

aL lomit~n~ ~wc~~n; D, Spectieu taken diagonal to longitudird and ~anev~~e

directi&; Tl, transverse specimen; T2, transverse specimen at ~“ to T1. e

%Irst three speclmn6 heat-treated to -T6 temper; last three, to -T4 temper. ~
cS~cimen failed outside of gage marks.

=5=
E2

~

,
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3W!IGUE TEST DATA FOR STRESS RATIO R E U2’/u1’ = O

I I I I I I I I I I

B* 7.03 x 3

B57 8.58

B56 7.10

B35 6.54

B36 6.55

B22 6.ca

B23 5.90

B7 5.&l

B27 ‘j.21

B25 5.3J

E42 4.60

pltr

(lb)

0.18 X ld

.19

.18

.17

.18

.40

.40

.40

.2f3

.33

.17

J.)

1.00

1.00

1.00

1.00

1.00

1.00

1.CH)

1.03

l.m

1.00

1.00

t

(:. ) (:i)

0.0504 42.1 x 103

.0510 42.0

.0506 42.4

.o~ 39.6

.0504 39.4

.0503 36.4

.0512 35.2

.04x 35.2

.0510 31.0

.049 31.0

.0496 29.0

t !It

[;:1) %9i)

o 1.0 x 10

0 1.0

0 1.0

0 1.0

0 1.0

0 2.4

0 2.3

0 2.4

0 1.7

0 2.0

C@ !it

(psi)

o

0

0

0

0

0

0

0

0

0

0

Number of
R cycles

o 0.0336 X 10(

o .0285

0 .1535

0 .0269

0 .1323

0 .1549

0 .2869

0 .55ao

o .9969

0 1,7342

0 5.1040
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B~

B76

B63

w

B65

Bp

Bn

B74

m

E&J

B%

B8j’

(;;)

3.70 x d

3.70

3.10

3.10

2.60

2.60

2.20

2.20

1.80

l.m

4.1o

4.10

TABLE 3

FATIGOR m DATA FOR ~ FWIO R = u2!/ul’ = 2.0

(:. )

1.03

1.(J3

1.CKI

l.cm

1.03

l.m

1. IX)

1.03

1.(33

1.00

1.00

l.m

(i:.)

3.om9

.0w3

.0505

.m

.o%

.0534

,0514

.0%0

.0w7

.0%

.0509

.W5

18.20 x 103

18.20

15.35

15.20

1.2.8Q

1.2,go

10,70

10.E!O

8.87

8.95

20.20

!a3.yI

‘2’
(p13i)

26.40 x ld

36.40

30.70

30.40

25.6a

25,80

21.4a

21.60

17.75

17.$JO

40.40

40.6a

).98 x 103

.98

.86

.86

.86

.86

.83

.86

.86

.87

,74

.74

1,96 x 103

1.96

1.73

1.72

1,72

1.73

1.70

1.72

1.73

1.74

1.47

1.4a

w

—

R

.

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

2.0

=
w---

N!mlberof
cycles

I.CJIZ x 106

.0591

.low

.1749

.W9

.VW

.2666

..351J

j.og92

i. C$92

.01$$1

.0245

,
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I

I

I

c *

pf+cimen
(G)

BIJ.5 3.3a x 10

B98 2.83

Bw 2.09

B1OO 2.47

BIJ.6 2.ti

B131 2.31

B132 2.47

P’”
(lb)

).45x li

.40

.40

.4’0

.4-o

.40

,40

wiBLEJ+

FATIOJJ3TEST DATA FCR ET@.EJ3BATIO R = u2’/u~’- 1.0

4.m x ti

3.73

3.m

3.@l

2.50

2.80

3.03

(L; (:,)

).175X ld 1.00

.175 l.wl

.1P l.cm

.175 1.IXI

.m l.m

.l% 1.W

.200 1.WJ

-

,.0* 39.93x K@ 40.W x ld
.

.W@ +.x 34.40

.GfJ!234.70 34.20

.UJO 23.70 23.70

.05cg24.% 24.60

,mu 2-7.31 27.4-0

.03102g,z 2$),4.0

h’ ‘‘
(psi)

3.30 x 10:

3.2U

3.10

3.20

3.10

3.10

3.10

‘32’”
(psi)

1.75 x ld

1.’74

1.73

1.7h

1.%

1.96

1,96

-

R limber of
cycles

1.00 o!0211x 106

.99 .0722

.99 .GQ3

L.00 .a%

1.035.0310

.99 3.32M

.B .67s’6

7



pecimen

B187

B186

B157

BI.39

B140

Bl~

B1$?O

B167

(L’)

jb~

j30C

j20C

49fil

!450

3960

36W

3530

—

—

>111

lb)

—

400

400

400

h

400

400

400

403

—

TABLE 5

FffCIGllETWT BA!M FOR S- RATIO R = U2’/Ul’ = 0.5

P
-P

Pi) (L

2bo 202

2250 2ci)

Elm 200

!MKMl 1~

18U0 200

1600 2CKl

1550 m

1~ 200

d
in.)

1.CK

1.CK

1.W

1.OC

1.OC

1.OC

l.w

1.OC

(J.) (;;)

0.0512 4-5.8X 102

.0498 45.2

.0503 43.4

.0514 40.4

.Om 36.7

.0W7 32.8

.0516 30.0

.0509 B.5

(%)

23. ko x ~ti

22.63

20.90

3.9.46

ii’. a

15.78

15.02

L4.76

al111

(psi)

3.44 x lo?

3.%

3.53

3.33

3,48

3.%

3.44

3.kg

~21 ! I

(psi)

1.95 x 10:

2.01

1.99

1.70

1.96

1.97

l.gk

1.97

R Wubex of
cycles

).W 0.0570 x 106

.50 .c643

.48 .lom

.48 .1816

.4!? .3104

.48 .4133

.% 5.264.0

.505.0405
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Figure 2.- Biaxial fatigue testing machine.
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Figure 6.- Biaxial fatigue-stress
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Figure 7.- Typical fractured specimens.
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